INTRODUCTION
Understanding the dynamics of plate boundary faults is one of the more important research goals within the Earth sciences. Possible influences on material properties within such fault zones include clay content, clay composition, and fluid pressure, all of which vary in time and space. The purpose of this paper is to consider whether spatial variations in clay minerals affect thrust faults above the décollement of an accretionary prism. The Cascadia margin provides an ideal location to test this hypothesis because sediment composition and structural architecture change considerably along strike.
Laboratory tests of frictional strength prove that fine-grained sediments are sensitive to specific types of clay minerals, their proportions within mineral mixtures, and grain texture (e.g., Lupini et al., 1981) . A typical coefficient of internal friction for silty clay is between 0.5 and 0.6. Pure montmorillonite (one type of smectite) is the weakest clay mineral, having coefficients of 0.08-0.14 (Morrow et al., 1992) . Coefficients for quartz gouge range from 0.49 to 0.62; typical coefficients for illite range from 0.22 to 0.48; and those for chlorite are 0.30-0.45. Two-component mixtures display proportional changes in frictional coefficients if the amount of the weaker mineral is between 25% and 70% (Logan and Rauenzahn, 1987) . Frictional strength seems to decrease significantly once smectite content exceeds 25%-30% of a bulk mudrock.
Clay-mineral diagenesis, specifically the stepwise transformation of weaker smectite to stronger illite, may help govern a downdip shift from aseismic (stable sliding) to seismogenic (stick slip) faulting (Hyndman et al., 1997) . Indirect support for this idea comes from the observed overlap between smectite-to-illite reaction temperature (e.g., Freed and Peacor, 1989 ) and the temperature window inferred for the updip limit of earthquakes (ϳ100-150 ЊC). Another process to consider is the release of interlayer water, which occurs in three stages during smectite diagenesis (Colten-Bradley, 1987) . If sediment is unable to drain during clay dehydration, pore-fluid pressure will rise above hydrostatic. If overpressured fluids migrate episodically, and cyclic flow becomes focused along a fault zone (e.g., Shipley et al., 1994) , then the concomitant reduction of effective stress may be large enough to trigger failure (Byerlee, 1993) . Hyndman and Wang (1995) constructed thermal models that can be used to test whether clay diagenesis influences the Cascadia plate boundary (Fig. 1) . To evaluate their hypothesis thoroughly, one must first determine the actual content of smectite (and other clays) near the deformation front. Next, one must show how smectite content varies spatially (because of diagenesis, regional sediment dispersal, or both) and determine whether such changes affect local hydration-dehydration budgets, fluid pressure, and frictional properties in three dimensions. Finally, one must evaluate whether the thermal regime permits survival of smectite to the relevant depths. Hyndman and Wang (1995) toe. Heat-flow data near the prism toe scatter from ϳ70 to 150 mW/ m 2 . Nevertheless, if the elevated temperatures in the model are accurate, then detrital smectite content probably has little bearing on downdip changes in material properties near the basalt-sediment interface. Driving the smectite-to-illite reaction to completion near the deformation front helps explain why the entire megathrust seems to be locked and potentially seismogenic, even at relatively shallow depths (Rogers et al., 1996) . Clay mineral content hundreds of meters above the basalt-sediment interface, however, still might affect where the dé-collement propagates into the distal turbidites, as well as the internal architecture of the accretionary prism.
The most common type of fault within the toe of an accretionary prism is a seaward-vergent thrust. Seely (1977) first suggested that landward vergence is favored by rapid sedimentation, excess pore-fluid pressure, and low basal shear stress. Additional requirements include an arcward-dipping décollement and a strong wedge relative to a weak base (MacKay, 1995) . Pinpointing an exact cause is problematic, however, because basal shear stress is the product of both intrinsic material properties (coefficient of internal friction, cohesion) and fluid dynamics (in situ dehydration, pore-fluid migration, gas charging, and disequilibrium loading).
CLAY MINERALS OF THE CASCADIA BASIN
The Cascadia Basin is peculiar because the subduction boundary is unusually close to the Juan de Fuca spreading ridge ( Fig. 1) . Rates of sedimentation have been high, especially during Pleistocene lowstands of sea level, and igneous basement has been buried beneath more than 2500 m of abyssal-plain and submarine-fan deposits (Carlson and Nelson, 1987) . The abyssal-plain section (unit II) changes thickness in response to basement relief and basement age, reaching a maximum of ϳ1500 m (Davis and Hyndman, 1989; MacKay, 1995) . The basal décollement of the accretionary prism propagates into unit II, so any compositional changes in those strata could influence the location and mechanical properties of the plate boundary.
Near-Surface Sediment
Transport of suspended sediment toward the floor of the Cascadia Basin is dominated by two large fluvial systems, the Columbia and Fraser Rivers (Fig. 1) . Physical breakdown and chemical alteration of volcanic lithologies within the Columbia River watershed result in a fluvial clay-mineral suite that contains an average of 53% smectite (Knebel et al., 1968) . Fraser River drainage, in contrast, is characterized by more diverse lithologic assemblages with fewer volcanic sources; its higher latitude and climate also promote a higher ratio of mechanical to chemical weathering. Dispersal of suspended sediment beyond the shoreline is governed by a complicated oceanographic system that includes surface currents, bottom currents, confined turbidity currents, channel-levee overflows, and sluggish drift of a bottom nepheloid layer.
Columbia River sediment was funneled efficiently into Astoria and Willapa Canyons during Pliocene-Pleistocene lowstands, whereas Fraser River discharge connected to Barkley, Nitinat, and Juan de Fuca Canyons via the Straits of Georgia and Juan de Fuca (Fig. 1) . A line of smaller submarine canyons channeled sediment to the abyssal floor west of Vancouver Island (Davis and Hyndman, 1989) . Karlin (1980) showed that smectite content currently exceeds 50% of the clay-sized fraction near the Columbia River mouth, but decreases southward along the continental slope and abyssal floor to values of 20% and less (Fig.  2) . In most places, illite content remains fairly uniform (20%-40%), so the reduction of smectite is balanced by increases in chlorite (see also Griggs and Hein, 1980) . The California Current currently drives the shelf plume southward during the summer, and smectite-rich mud also moves downslope through the Astoria canyon-fan system. Holocene clays in the Cascadia Channel contain an average of 52% smectite (Duncan et al., 1970) , with lower percentages on the surrounding abyssal floor. Shelf currents during winter months push Columbia River sediment to the north as part of the Alaska Gyre. The plume's northern drift limit is not well defined on the slope, but bulk smectite content is substantially lower on the Nitinat Fan (Carson and Acaro, 1983) . North of Vancouver Island, smectite content is Ͻ10% in the fjords and shelf of southern Alaska (Molnia and Hein, 1982; Naidu and Mowatt, 1983) .
Borehole Samples
Documentation of clay minerals within deeply buried abyssalplain deposits requires borehole samples. Strata from the western edge of the Cascadia Basin and beneath the distal edge of the Astoria Fan are especially relevant to this discussion because the propagation path of the décollement passes through their stratigraphic equivalents. Such sediments were recovered during Leg 168 of the Ocean Drilling Program (ODP) along a transect of the ridge flank (Fig. 1) , where sediment thickness varies between 45 m and 610 m (Davis et al., 1997) . Cavin et al. (2000) showed that the clay-sized content of bulk hemipelagic and turbidite mud is typically 70-80 wt%, and relative percentages of total clay minerals in bulk mud range from 30% to 50% (Davis et al., 1997) . The most abundant individual clay mineral is chlorite; its relative percentages in the Ͻ2 m size fraction vary from 29% to 78%, and the average content is 52% (Underwood and Hoke, 2000) . Illite content is 18%-59%, and the mean is 40%. Percentages of smectite range from 0% to 25%, and the average is only 8% (Fig. 3) . Thus, for most samples, smectite probably constitutes Ͻ5% of the bulk sediment. Likely sources for this chlorite-rich, smectite-poor sediment include on February 4, 2011 geology.gsapubs.org Downloaded from Vancouver Island, the Fraser River, and perhaps the Olympic Peninsula (Underwood and Hoke, 2000) . Farther to the south, in contrast, cores from Deep Sea Drilling Project (DSDP) Site 174 (Fig. 1) show that the abyssal-plain facies beneath the Astoria Fan captured smectite-rich discharge from the Columbia River (Zemmels and Cook, 1973) . The oldest sediment recovered from Hole 174A (778.5 m below seafloor [mbsf] ) is late Pliocene age, and contains more than 50% smectite in the Ͻ2 m size fraction (Fig. 2) .
DISCUSSION

Zonation of Clay Minerals and Prism Structure
Clay minerals in near-surface sediment clearly change along the strike of the Cascadia margin, and borehole samples indicate that such changes extend into unit II of the Cascadia Basin (Figs. 2 and 3) . Structural architecture of the accretionary prism is also sharply zoned (MacKay et al., 1992) . Landward-vergent faults occur along a central corridor dominated by smectite-rich sediment. Faults flip abruptly to seaward vergent south of lat 45ЊN (Fig. 1) , and the Vancouver margin also contains seaward-vergent structures (Davis and Hyndman, 1989) . At the prism toe, depth to the décollement follows the same segmentation as fault vergence. Within the zone of seaward vergence, the décollement propagates into unit II at a depth of ϳ1200 m (0.8 s twoway traveltime) above igneous basement, whereas its depth in the zone of landward vergence is ϳ400 m (0.3 s) above basement (MacKay, 1995) .
Pinpointing Cause and Effect
On the basis of seismic response, MacKay (1995) acknowledged ''there are no obvious changes in sediment character along strike that might account for the structural variation'' (p. 1317). Instead, the stratigraphic level of the Cascadia décollement seemingly responds to ''subtle changes in strength that favor one horizon over another' ' (p. 1315) . In the absence of direct measurements, explanations for zonation of structural architecture remain speculative. One line of reasoning begins with an assumption that low shear stress is ubiquitous along the base of the prism. Changes in vergence, according to this model, are governed by some unknown mechanical factor that is tied to plate motion, perhaps strain rate (MacKay et al., 1992) . A second idea calls attention to the spatial overlap between the zone of landward vergence and accumulations of sediment associated with the Astoria and Nitinat Fans (Fig. 1) . Contradicting this notion is the near uniformity of fan facies thickness and total sediment thickness on either side of the domain boundaries (Davis and Hyndman, 1989; MacKay, 1995) . A third suggestion is that increase of carbonate content to 10-40 wt% affects the rheology of strata enough to cause landward vergence via non-Coulomb behavior (Gutscher et al., 2001) . ODP results show that the thickness and distribution of carbonate-rich mudstone are highly erratic, but nowhere in the Leg 168 transect area does thickness exceed 40-50 m (Davis et al., 1997 ). The analogue model of Gutscher et al. (2001) nevertheless used an equivalent of 1000 m of carbonate. Furthermore, facies equivalents of strata from the Leg 168 boreholes project beneath the northern fringe of the Nitinat Fan into the Vancouver subduction zone, where faults are seaward vergent (Fig. 1) . The flip in vergence switch cannot be attributed to an inferred change in rheologic properties unless the suspected governing parameter (e.g., percentage of carbonate) changes substantially south of the Leg 168 transect.
Another explanation is that physical properties of offscraped and underthrust strata are more or less uniform along strike. Changes in basal shear stress, under such circumstances, might be triggered by three-dimensional variations in fluid pressure (MacKay et al., 1992; MacKay, 1995) . This contention is supported by local changes in seismic reflection character and velocity, which indicate that porosity and fluid flow increase along some of the frontal thrust faults (e.g., Moore et al., 1995) . A definitive explanation, however, should also include an explicit account of how and why fluid budgets and pore pressures vacillate temporally and spatially. The pivotal question is how to reduce basal shear strength relative to wedge strength (MacKay, 1995) . Because of the spatial overlap between zones of preferred fault vergence and smectite content (Fig. 2) , I suggest that frictional properties and/ or fluid budgets within unit II change in response to strike-parallel variations in specific clay minerals and progress of diagenesis. Smectite-rich clays should exhibit lower frictional coefficients, but a more potent way to alter the ratio of basal shear strength to wedge strength is to reduce effective stress via excess pore pressure. Thus, shear strength along the frontal décollement is probably zoned because of spatial changes in the volume of fluid released during clay diagenesis. The threshold concentration of detrital smectite appears to be ϳ30% of the clay-sized fraction. Above that value, strata at décollement depths are weak enough to favor landward-vergent faulting. With Ͻ30% smectite, mudrocks are strong enough to sustain seaward vergence.
Variations in temperature at the stratigraphic position of the dé-collement should foster coincident shifts in the smectite-to-illite reaction progress. Within the southern zone of seaward vergence, the propon February 4, 2011 geology.gsapubs.org Downloaded from agating tip of the décollement (ϳ2400 mbsf) is at a temperature of ϳ120-145 ЊC, on the basis of near-surface heat-flow data of Hyndman and Wang (1995) and the thermal conductivity data of Davis et al. (1997) . A comparable temperature estimate for the décollement tip within the zone of landward vergence (ϳ3000 mbsf) is 135-160 ЊC. Both calculations ignore the thermal effects of recent sedimentation, but the results are within constraints imposed by a linear borehole gradient of 51 ЊC/km at ODP Site 892 (Westbrook et al., 1994) . Illitesmectite mixed-layer clay should persist to 120-145 ЊC; warming by an additional 15-20 ЊC, however, probably expels the last of three layers of water from smectite's interlayer site (Colten-Bradley, 1987) . To maximize water expulsion across a shifting diagenetic front, higher initial percentages of detrital smectite need to be combined with the inferred increase in temperature. Permeability is poor within highly compacted distal turbidites, so conditions should be optimal for high fluid overpressures outboard of the deformation front, especially if combined with disequilibrium loading beneath the Astoria Fan. Episodic migration of overpressured fluids into fractured rocks of the dé-collement zone provides a final dynamic contribution by reducing basal shear stress enough (relative to strength in the overlying accretionary wedge) to favor landward vergence.
CONCLUSIONS
Structural segmentation of the Cascadia accretionary prism correlates with strike-parallel variations in the abundance of detrital smectite. The margin's central corridor contains landward-vergent thrusts and higher percentages of smectite discharged from the Columbia River. Those strata release larger volumes of interlayer water during the final stage of clay dehydration. Smectite dehydration maximizes the potential for excess porefluid pressure, and high fluid pressure is the probable cause of low basal shear stress within the zone of landward vergence. Chlorite-rich mudstones, in contrast, sustain higher frictional coefficients to begin with, and much smaller volumes of interlayer water are released during clay diagenesis. Those conditions favor seaward-vergent structures.
